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Tunneling conductance spectra of normal metal/insulator/triplet superconductor junctions 
are investigated theoretically. As triplet paring states we select several types of symmetries 
that are promising candidates for the superconducting states in UPta and in Sr2Ru04. The 
calculated conductance spectra are sensitive to the orientation of the junction which reflects 
the anisotropy of the pairing states. They show either zero-bias conductance peaks or gap-like 
structures depending on the orientation of the junctions. The existence of a residual density of 
states, peculiar to nonunitary states, is shown to have a significant influence on the properties 
of the conductance spectra. Present results serve as a guide for the experimental determination 
of the symmetry of the pair potentials in UPta and Sr2Ru04. 
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§1. Introduction 

Since the discovery of superconductivity in heavy fermion compounds the determination of the 
symmetry of the pair potential in these materials has been an important issue.0) Among the heavy 
fermion superconductors, so far properties of UPts have been studied most extensively. Based 
on NMR experiment^) the possibihty of odd parity pairing states, i.e., triplet pairing states, 
has been suggested. Theoretically, several papers propose two-dimensional even parity states, 
i.e. singlet pairing states,i'Si'* while others suggest triplet pairing states belonging to the one- 
dimensional representation (Am)!'^ and to the two-dimensional representation Although 
theoreticaSllillll' and experimentalllllii spectroscopic studies of the thermal conduction 

and transverse sound attenuation of UPts have been performed, the symmetry of the pair potential 
could not yet been determined. 

Recently superconductivity has been discovered in Sr2Ru04,Ei) which is the first example of a 
noncuprate layered perovskite superconductor. Since this compound is isostructual to the cuprate 
superconductors the electronic properties in the normal state© and superconducting statei^^ are 
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highly anisotropic. Several experimentsl^'il) indicate a large residual density of states of quasi- 
particles at low temperatures. In addition there is evidence for the existence of ferromagnetic spin 
fluctuations .il© Based on these facts two-dimensional triplet superconducting states, belonging 
to the two-dimensional E„ symmetry, have been proposed for Sr2Ru04.@'® Similar to the case of 
UPt3 the symmetry of the pair potential of Sr2Ru04 has not yet been determined. 

Phase-sensitive measurements provide the most useful information for the determination of the 
symmetry of the pair potentials.0^ Recently it was shown that tunneling spectroscopy has the 
ability to detect the phase of the pair potential)ilili2l) as follows: In anisotropic superconduc- 
tors quasiparticles feel different signs of the pair potentials depending on the directions of their 
motions.0) At the normal metal/superconductor interface the anisotropy of the pair potential 
significantly influences the properties of the Andreev reflections .00^ As a result tunneling con- 
ductance spectra of the normal metal/insulator/anisotropic superconductor junctions are modified 
due to the anisotropy of pair potentialMii The most remarkable feature is the existence of zero- 
bias conductance peaks (ZBCP) in the tunneling spectra for d-wave symmetry. The origin of these 
peaks is the localized zero energy states (ZES)0) due to the change of sign of the pair potential in 
k-space.© ZBCP have actually been observed in experiments on high-Tc super conductor silil'© 
and the consistency between theory and experiments has been checked. 0^1) 

To determine the symmetries of the pair potential of UPta and Sr2Ru04 it is meaningful to 
apply the phase sensitive capability of tunneling spectroscopy. For superconducting UPta various 
theoretical and experimental studies of tunneling experiments have been done, 

0,§,§,§,§,@) but 

unfortunately effects of the phase have not been considered in these papers. Similar to the singlet 
cases, the appearance of ZBCP in conductance spectra is expected due to the change of sign of 
the pair potential. To apply the concepts of phase sensitivity to triplet superconductors additional 
studies are required, due to the large difference in the pairing states. 

In the present paper, we investigate the tunneling conductance spectra of normal metal / insula- 
tor/ triplet superconductor (N/I/TS) junctions by extending the previous theory for anisotropic 
singlet superconductors. Although there are several works concerning surface bound states in 
triplet super conductor Sjii'S-* systematic studies for tunnel conductance in N/I/TS junctions have 
not been performed. The following points are of interests: i) the orientations of ZBCP which gives 
essential information about the symmetries, ii) the spin dependence of the conductance spectra and 
iii) the influence of the nonunitary states. The organization of this paper is as follows: In Secj2| 
a general formula of conductance spectroscopy for triplet superconductors is presented. Since it 
is meaningless to present calculations for all possible triplet symmetries, the results are given for 



several typical cases; promising pairing states for UPts in Sec. and for Sr2Ru04 in Sec. pO . 
Finally in Sec.0 we summarize our results and discuss future problems. 
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§2. Conductance formula 

For the calculation, we assume three-dimensional N/I/TS junctions with semi-infinite double 
layer structures in the clean limit. The fiat interface is perpendicular to the x-axis, and is located at 
x=0 [Fig. 1(a)]. The barrier potential at the interface has a delta-functional form H6{x), where 6{x) 
and H are the delta function and its amplitude, respectively. We also consider another orientation 
of the junction where the flat interface is perpendicular to the z-axis and located at z=0 [Fig. 1(b)]. 
The Fermi wave number kp and the effective massil'© m are assumed to be equal both in the 
normal metal and in the superconductor. For simplicity we assume in the following calculations 
that the pair potentials are spatially constant. The wave function describing the quasiparticles in 
inhomogeneous anisotropic superconductors ^'(r) is obtained by the solutions of the Bogoliubov-de 
Gennes (BdG) equation. After applying the quasi-classical approximation, BdG equations are 
reduced to the Andreev equation,0S@' 

s' 

Evs{r) = ivpk -Vvsir) + J2^*ss'id.<P)us'{r). (2.1) 

s' 

The quantities Us{r) and Vs{r) are electronlike quasiparticles (ELQ) and holelike quasiparticles 
(HLQ), respectively with spin index s=| or s=J,. In Eq. (p.l|), k describes the relative motion 
of the Cooper pairs fixed on the Fermi surface {\k\ = kp), r the center of mass coordinates of 
the pair potential and vp the Fermi velocity. The wave functions Us{r) and Vs{r) are obtained by 
neglecting the fast oscillating plane-wave part, according to the quasiclassical approximations. 
In this approximation, we assume that the effective pair potential is given by 

A(fc,r) = A.(9,4>)Q{x), z-y plane interface 

= A(0, (/))©(z), x-y plane interface 

kx + iky i<h ■ n r. /r, n\ 

— , = e^smb', — — - = cost' (2.2) 
\k \ I I 

where is the polar angle and (j) is the azimuthal angle in the x-y plane. The quantities B(x) and 
Q{z) are the Heaviside step function. The pair potential matrix is represented as 



(2.3) 



In the present paper, we neglect the spin-orbit coupling of the quasiparticles. A formula for the 
tunneling conductance of the N/I/TS junction is derived from the reflection and transmission 
probabilities of the electrons injected from the normal metal with angles 9 and (p. In the following, 
we assume that an electron is injected with an equal probability for up and down spin. The 
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injected electron is reflected as an electron (normal reflection) and as a hole (Andreev reflection). 
When the interface is perpendicular to the x-axis {z-y plane interface) [Fig. 1(a)], the transmitted 



ELQ and HLQ feel different effective pair potentials 



and A, 



.), with 



and 



(j)- = TT — (p. On the other hand, in the case when the interface is perpendicular to the z-axis 
{x-y plane interface), two kinds of quasiparticles feel Ags/{6^, (j)) and Ass/{9^,(j)), with = 6 and 
0- = TT — 6 [Fig. 1(b)], respectively. The coefficients of the Andreev reflection ass'{E,9, (p) and 
the normal reflection bss'iE, 9, <j)) are determined by solving the BdG equation under the following 
boundary conditions 

x=0- 



vi/(r- 

for z-y plane interface and 



dx 



(i^'(r) 



dx 



dz 



d^{r) 



2 = 0- 



dz 



x=0+ 



2=0+ 



(2.4) 



2mH , , 
— ^^(^) 



x=0- 



2=0- 



(2.5) 



for x-y plane interface. Using the obtained coefficients, the normalized tunneling conductance at 
zero temperature is calculated according to the formula given in our previous wor 

/o"/-V2[^5,t(^, 0, <P) + ^s,i(.E, 9, ^)]aN{9, <P) sin^ 9 cos <pd9d<p 



a{E) 



Ioi:i%2ar,{9,, 



I sm 



' cos 



/o"^'/o " i^sAE, 0,^)+ as,iiE, 9,^)]aN{9,cl)) sin 9 cos 9d9d^ 
Jq^'^Jq^ 2aj\i{9, 4>) sin 9 cos 



z-y plane interface 

x-y plane interface 

(2.6) 



where on {9, (p) denotes the normal state tunneling conductance given by 



aN{9,(p) 



sin^ 9 cos^ I 



sin^ 9 cos^ I 



z-y plane interface 



cos^ 9 



cos2 9 + Z^ 
mH 



, X-y plane interface. 



Z 



(2.7) 



Here Z and E denote an effective barrier parameter and an energy of quasi-particles measured from 
the Fermi energy, respectively. The quantity as,siE, 9, <j)), which is the normalized conductance for 
the specific spin component {s =| or J.) for fixed 9 and (j), is given as 



1+ I a 



+ Ol 



hs ? 



aN{9, 



(2.8) 
respectively 



using the normal and Andreev refiection coefficients bss'{E,9,(f)) and ass'{E,9,< 
[s =T)i)- Eqs.(p.6|) and (2^) obtained for the conductance are generic. Now it is straightforward 
to obtain the tunneling conductance spectra for any triplet superconductor when the irreducible 
representations of the pair potentials are given. For the following discussion, we point out that the 
low transparency limit of the junction means aN{9,(j)) — > 0, i.e., Z oo. 
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§3. Tunneling spectra in triplet superconductors 

3.1 UPt3 

In this section, the tunneling conductance of a normal metal / insulator / UPts junction is calcu- 
lated for several promising pairing states with hexagonal symmetry. There are one-dimensionali'i^ 
(Ai«, A2u) and two-dimensionafli-* (Ei^j, J^2u) representations with triplet pairing states and a 
two-dimensional Ei^ stateSSi) with singlet pairing. A brief report of this section was already 
given elsewhere.© In the case of a one-dimensional representation, both states, Ai^ and A2u, are 
nonunitary pair potentials. For both representations the normalized conductance as^'[{E,9,(j)) is 
given as 

crs,]{E,e,(t)) = 1 1 _^ 0) _ i]r2 [2 ' P^^^^ mterface (3.1) 



I i_[^^(0,0)_i]r2 12 



x-y plane interface (3-2) 



n = JE^- I A^^{e,(t>) 



where Ai^^{9,(/)) is given by 
Ai„: 



A^t(0,0) = Aocos0, At|(0,0) = A^^(0,0) = A^(0,0) = O (3.3) 



2u- 



At|(e,</.) = Aocos0sin2 0, Au(0, 0) = AiT(^, = Au(^, = 0. (3.4) 

as,i{E,6,(j)) is equal to unity due to the absence of the effective pair potentials. For the z-y plane 
interface junction cr{E) shows a maximum at ~ O.SAq and at ~ 0.4Ao for the Aiu and the 
states, respectively [Fig. 2]. For the two cases the conductance has a different peak position due 
to the existence of a sin^ 9 factor. Reflecting the residual density of states of quasiparticles with 
down spin, o"(0) converges not to 0, but to 0.5 for the z-y plane interface for Z oo. For this 
case we can show that cr(E) corresponds to the bulk density of states. For a x-y plane interface 
junction, cj(0) increases monotonically with increasing Z for both, the Ai„ and the A2u states. In 
this case, quasiparticles form ZES on a finite range of the Fermi surface (see Table I). 
The tunneling conductance as,iiE, 9, cj)) of the Ei„ state is given as 

l + cTNi9A)\r\^+[aN{9A)-l]\T\'' . . . 

as,i{E, 9, (/)) = 1 i^e-4#[^^(g^^)_i]r2 |2 ' ^"^ P^^"^ mterface (3.5) 



l + aNi9,(p) |rr+kjv(g,0)-l] [F 
\l-[aNi9,cP)-l]r^ |2 

E-n 



x-y plane interface (3.6) 



n = JE^-\Ani9A) p. 
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{e,(t)) = Aoe^*-^ cos e sin^ 0, A^^ (0, = A^^ (0, </>) = A^^ (0, </>) = (3.7) 

as,-[{E,9,(t)) is equal to unity due to the absence of other pair potentials except for An(0,(/<). The 
injected quasiparticles with down spin form ZES at the interface depending on the direction of 
their motions for crAr(^,</>) 0. For z-y plane interface junctions, ZES is expected on the line, 
(p = ±7r/4, whereas for a x-y plane interface junction, ZES is expected on a finite area of the Fermi 
surface, < 6* < 7r/2[Fig.3]. 
The Yj2u representation is a unitary state and (t{E) is given as 

(^S,i[E, e, (j)) = as,^{E, 9, (p) = 1 I e-'^^^[aNiO (j)) - IjF^ P ' ^'^ ^ interface (3.8) 



l + ^jv(g,0) [F[^+[ajv(g,0)-l] |F 
I l-[a^(^,,/.)-l]F2 |2 

E-Q. 



x-y plane interface (3.9) 



n = ^/E^- I A||( 



I An (0, </>)!' 

Au(^,0) = An(0,0) = Aoe2^<^cos0sin2^, An(^, .^) = Au(e, 0) = 0. (3.10) 

The line shape of cr{E) is similar to that of the Ei^ state since both pair potentials have the 
same orbital dependence. However, (7{E) for the Ei^ state is always larger than 0.5 due to the 
nonunit ar ity [Fig . 3] . 

Finally, let us consider another promising state, i.e., the Ei^ state, where the pair potential is 
a singlet. Applying the previous theory by Tanaka and Kashiwaya,ii'@0i^ as,^{E,6,(f)) and 
(Ts,l{E,9,(f)) are obtained as 

<ys,]{E, 9, (j)) = as,i{E, 9, (f>) = 1 i _ g-2i</,[^^(g ^) _ ^jr^ |2 ' ^'^ P^^"^ interface (3.11) 



l + aN{9,4>) I F 1^ +[aN{9,^)-l] \ F 
|l-[a^(0,0)-l]F2 p 

E-n 



x-y plane interface (3.12) 



Q = je'^- I A{e, 



I A(^,0) I' 

with A(0,</>) = Aoe^*"^ cos sin0. For z-y plane interface junctions, ZES is expected on the line, 
(j) = 0, whereas for a x-y plane interface junction, ZES is expected on a finite area of the Fermi 
surface, <9 < Tr/2. [Fig.4]. 

All pair potentials discussed in this section are promising candidates for the superconducting state 
in UPts. For all of them ZBCP appear when the interface is perpendicular to the z-axis. Performing 
tunneling spectroscopy measurements on a high purity UPts sample with a well oriented junction, 
ZBCP are expected to be observed for the junction with a x-y plane interface. We strongly hope 
that ZBCP will be observed in the actual experiments in near future. For the case of a z-y plane 
interface, a wide variety of line shapes of the conductance are expected, because of the irreducible 
representations of the pair potentials and the direction of the junctions. 
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3.2 Sr2Ru04, 

As a first case of this section, we consider two nonunitary pair potentials. Previously, we have 
already reported the tunneling spectroscopy in superconducting Sr2Ru04.i3' Since this material 
has two-dimensional electronic properties, we used a nearly cylindrical Fermi surface. The resultant 



two kinds of nonunitary pair potentials with tetragonal symmetry, A|| (9, </>) = Ag sin 0(sin (p+cos (p) 
(Eu(l) state) and A||(0,(^) = Aoe*'^sin0 (E„(2) state). The obtained conductance formulas were 
given by Eqs.(7) to (10) and spectra were shown in Figs. 2 and 3 in Ref. 51. In a x-y plane 
interface junction, cr{E) coincides with the bulk density of states for both, the E„(l) and the E„(2) 
states. In the Eu(2) case, U-shaped spectra are obtained [Fig. 3 in Ref. 51] due to the nearly two- 
dimensionality of the system. In the case of a z-y plane interface junction with low transparency, 
ZES is expected for — 7r/4 < (f) < 7r/4 for the Eu(l) state, while in the case of the Eu(2) state, ZES 
is expected for cp = 0. Consequently, cr{0) of Eu(l) diverges with increasing Z, while (t{0) of the 
E,,(2) converges to a finite value. Our results are consistent with recent results by Honerkamp et 
al& A. a .Ld c... w. calculate tunnelin, conductance .pec.a f„. S..RuO. L unita., pan 
potentials which are given as A|| = Aq sin 0(sin(/) + cos (/>) {Eu{\Jl) state) and = Aoe*''^sin0 
(Eu(U2) state). For both states, A|| and Aj| = and A|j^ = A|| are satisfied. A conductance 
formulas for these pair potentials are given as 



conductance formula ( |2.6D is reduced to Eqs.(4) to (6) in Ref. 51. In this previous paper we chose 



En(Ul): 

as,^iE,e,(P) = as,iiE,e,(P) 



i + ajv(g,0) |r+ \^ +[aN {e, (/>)-!] |r+ 1^1 r 
1 1 + [aiv(^,0) -i]r+r_ |2 

_ 1 + aN{e, (P) I r+ p +[cjN{e, <P)-i]\ r+ |^ 

\l + [aN{OA)-AT\ |2 



2 



x-y plane interface 



z-y plane interface 



(3.13) 



(3.14) 





En(U2): 

as^{E,e,(P)=as,i{E,e,<P) 



i + aN{eA) |r|2+[a^(g,0)-i] |r 

I 1 -e-2i<^[a^(e,</.) - l]r2 |2 



z-y plane interface 



(3.15) 



l + aNiOA) \ T? +[aN{0,(p)-l] |r 
\l + [aN{e,cP)-l]T^ |2 



x-y plane interface 



(3.16) 



r = 
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The obtained spectra are similar to those of the E„(l) and E„(2) cases as shown in Fig. 5. However, 
o"(0) vanishes with the increasing Z in the case of x-y plane interface due to the absence of residual 
density of states of quasiparticles. 

Throughout this paper the 5-function model has been used to express the insulating barrier. For 
the junctions of singlet superconductors we have already confirmed that if the finite thickness of 
the insulating barrier is taken into account the essential results of the ^-function model, e.g., the 
conditions of the existence of the zero energy states, are not changed at all. For the junctions 
of triplet superconductors it is interesting to calculate the tunneling conductance in a model where 
the thickness of the insulating region is given as dj. Then only the tunneling conductance in the 
normal state is modified to 

[1 - ^2(0, </.)]2 sinh2(Adi) + 4Z2(0, 0) zo^h.\\di 

Ka{9, (p) 



Ao, Z{9,i 



v/l-K2a2(0,0) 



Ao = ^^, K = ^. (3.18) 

In the above, C/q is the magnitude of the Hartree potential in the insulating region. The form factors 
a{9,<j)) are given as a{6,(j)) = sin ^ cos for the z-y plane interface and a(6,(/)) = cos 6 for the x-y 
plane interface. The resulting tunneling spectra for this normal conductance are shown in Fig. 6 
for the examples of Ett(l) and E„(2). The obtained line shapes of the tunneling conductance are 
almost similar to those in Figs. 2 and 3 in Ref. 51. The increase of the thickness of the insulating 
barrier corresponds to that of Z in the (5-function model. 

§4. Conclusions 

The tunneling conductance spectra in normal metal/insulator /triplet superconductor junctions 
have been presented for various promising pairing states for the superconductors UPts and 
Sr2Ru04. The obtained conductance spectra exhibit very fruitful features, which in the low trans- 
parency limit can be classified into six cases: 

(1) The first case is that a{0) monotonically increases with increasing Z. ZES is formed in a 
finite area on the Fermi surface. (E2u state with a x-y plane interface, Ei^ state with a x-y plane 
interface, E„(U1) state with a z-y plane interface) 

(2) The second case is that cr(0) converges to zero for sufficiently large Z. ZES does not appear 
on the Fermi surface. (Eu(Ul) state with a x-y plane interface, Eu(U2) state with a x-y plane 
interface) 

(3) The third case is that a{0) converges to nonzero value with increasing Z. Here ZES is formed 
on a certain line on the Fermi surface. (E2u state with a z-y plane interface, Ei^ state with a z-y 
plane interface, Ett(U2) state with a z-y plane interface) 
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(4) The fourth case are nonunitary states with ZBCP. (Ai„ state with a x-y plane interface, 
state with a x-y plane interface, Ei„ state with a x-y plane interface, state with a z-y plane 
interface) 

(5) The fifth case are nonunitary states where for sufficiently larger Z, o"(0) converges to 0.5. 
(Aiu state with a z-y plane interface, state with a z-y plane interface, state with a x-y 
plane interface, E„(2) state with a x-y plane interface) 

(6) The sixth case are nonunitary states where cr{E) converges to a certain finite value larger 
than 0.5. (Ei„ state a with z-y plane interface, E„(2) state with a z-y plane interface) 

The regions of the Fermi surface which contribute to the ZES is summarized in Tables I to II. 
Our classification can serve as a guide in the determination of the symmetry of the pair potentials 
in UPt3 and Sr2Ru04. We hope that tunneling spectroscopy experiments will be performed on a 
very clean sample using a well oriented junction with flat interfaces. In the determination of the 
symmetry of the unknown pair potentials the barrier height and the directions of the tunneling 
conductance are the most important points. 

Finally, we comment on the gauge invariance concerning the condition of ZES. For this purpose, 
let us discuss the role of external phase xo ^^^^ internal phase ip''' in anisotropic superconductors. 
In general, pair potential Ass'{0,(j)) can be expressed as Assi{9,(j)) =\ Ags'{0,(l)) \ exp[z((/5* +Xo)]- 
The internal phase y?* of the pair potential is measured from the c- and a-axes using polar and 
azimuthal angle, 9 and (j) throughout this paper. The quantity depends on the direction of the 
motion of the quasiparticles. On the other hand, global phase xo is independent of the direction 
of the motion of the quasiparticles. 

To discuss the physical meaning of these two phases more clearly, let us consider a trajectory 
of a quasiparticle injected from the superconductor to the interface. The quasiparticle does not 
always feel the same phase of the pair potential before and after the reflection. SiES We denote 
the phase felt by the quasiparticle before and after the reflection as ifi and (^2, respectively, with 
Lfi = Lfi + Xo and 'f2 = f2~^ XO; where (p\ and are the internal phases of the pair potentials. 
The condition of the ZES is determined by the phase increment felt by the quasiparticle, (fi — (p2- 
It should be remarked that this condition is determined by 99I — and is regardless of the choice 
of Xo- Consequently, we can verify the U(l)-gauge invariance of the condition of ZES. 

In this paper, the effects of the spatial dependence of the pair potential have not been determined 
self-consistently. In anisotropic superconductors, the spatial dependence of the pair potentials is 
important for a quantitative discussion .H^ For some cases a coexistence of pair potentials is ex- 
pected, i) A coexistence of several pair potentials at the interface is expected to influence the 
tunneling conductance. Furthermore, the influence of the roughness of the surface on the conduc- 
tance is also an interesting problem. 
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Table I. The region on the Fermi surface contributing to ZES for UPts 



z-y plane interface x-y plane interface 



Aiu, A2u none 0<4><'2n, 0<9 <tt/2 

Eiu, E2„ <p = ±7r/4 < </) < 27r, 0<d <n/2 

Eig 4> = < </> < 27r, < 61 < 7r/2 



Table II. The region on the Fermi surface contributing to ZES for Sr2Ru04 





z-y plane iiitcrfact? 


.{■-y plaii(> iiittnface 


E„(1),E„(U1) 


-7r/4 < (/) < 7r/4 


none 


E„(2),E„(U2) 


4> = o 


none 



Fig. 1. (a): Schematic illustration of the reflection and the transmission process of the quasiparticle at the interface 
of the junction with z-y plane interface and (b): x-y plane interface. The 9 and (p are the polar angle and azimuthal 
angle, respectively. 



Fig. 2. Normalized conductance for (a) the Aiu state and (b) the A2u state when the interface is perpendicular to 
the X- and the z-axes, as indicated in the figure. Effective barrier parameters are a:Z=0.1, h:Z=l and c:Z=5. 
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Fig. 3. Normalized conductance for (a) the Eiu state and (b) the E2u state when the interface is perpendicular to 
the X- and the 0-axes, as indicated in the figure. Effective barrier parameters are a:Z=0.1, h:Z=l and c:Z=h. 



Fig. 4. Normalized conductance for the Eig state when the interface is perpendicular to the x- and the 2-axes, as 
indicated in the figure. Effective barrier parameters are a:Z=0.1, h:Z=l and c:Z=5. 



Fig. 5. Normalized conductance for (a) the E„(U1) state and (b) the E„(U2) state when the interface is perpen- 
dicular to the X- and the 2-axes, as indicated in the figure. Effective barrier ((5-function model) parameters are 
a:Z=0.1, h:Z=l and c:Z=5. 



Fig. 6. Normalized conductance for (a) the Eu(l) state and (b) the E„(2) state when the insulator has a finite 
thickness di for k = 0.5 with a;Ao(ii=0.1, b:Aodi=l and c:Aod<=5. 
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